Back extrusion technique was employed to characterize phase segregation tendency of mechanically stirred ZA27 alloy at different deformation rates. Variation of segregation intensity with ram diameter was found to follow opposite trends at low and high ram speeds. At sufficiently high ram speeds, small rams are of better performance in minimizing segregation whereas at low ram speeds, large rams result in less pronounced segregation. In addition, increasing ram speed invariably decreases segregation degree. Back extrusion at very high shear rates provided via a Drop Extruder Apparatus capable of displacing ram at speeds in excess of 1m/s results in production of very homogeneous products in terms of solid fraction as well as size distribution of globules.
Introduction
Phase segregation is a common phenomenon taking place during thixoforming processes, which results in heterogeneity of products in terms of composition and properties. Several investigations have been fully or partially devoted to the characterization of this problem, mostly with the aid of parallel plate compression test wherein segregation occurs in the form of liquid squeeze-out towards radial edges and solid accumulation in near-to-axis regions [1] [2] [3] . Chen et al. [4] proposed a phenomenological model to account for the phase segregation observed during compression of semisolid non-dendritic alloys. The model was comprised of four potential mechanisms namely liquid flow, liquid incorporating solid flow, rolling and sliding of the solid globules, and plastic deformation of the solid globules which could accommodate the applied deformation in the same order of above. According to their model, an increase in solid fraction and strain increases the dominance of plastic deformation mechanism while increasing deformation rate, promotes incorporating flow of solid and liquid phases, once a given strain is exceeded.
Not only is back extrusion considered as a viscometry test, but also as a means of segregation assessment of semi-solid alloys at higher shear rates than those possible using compression test. By recording force versus displacement during back extrusion tests, Loué et al. [5] determined the power law index of two hypoeutectic aluminum-silicon alloys at specific solid contents. They additionally concluded that there is a transitional extrusion speed (the product of ram speed and extrusion ratio) which is the boundary between homogeneous and heterogeneous flow of the mixture. In other words, segregation is least obvious when extrusion speed is above a certain level, around 530mm/s in the case of AlSi7Mg0.3 alloy prepared via MHD route. It seemed therefore possible to prevent segregation from happening by either increasing ram insertion speed or ram diameter at a fixed cavity diameter.
In contrast to above observations, Basner et al. [6] reported unsuitability of back extrusion technique as a viscometery test in the case of thin-walled products, since at a similar ram speed, wall of thin-walled samples had a higher average liquid fraction than those of thick-walled products, suggesting difficulties encountered by Sn-rich solid phase in entering the clearance. The alloy they examined was Sn-15.6wt%Pb which, during the soaking time, had undergone pooling of liquid phase due to gravitational segregation.
Recently, in a study on segregation of back extruded samples, Vieira et al. [7] have accounted for higher segregation tendency of A356 alloy at low ram speeds which was also observed in their previous work [8] . Explanation was based on the well-known theory of Darcy which, at a given temperature, predicts a percolation velocity (liquid velocity with respect to that of solid) dependent on the permeability of solid phase as well as pressure gradient within the liquid phase. Segregation occurs when percolation velocity outruns the ram speed.
It is the object of this work to investigate segregation tendency of ZA27 alloy via back extrusion tests at different extrusion speeds, i.e. with rams of different speeds and diameters. The observations are justified on the basis of solid-liquid interactions.
Experimental procedure
Prerequisite billets for back extrusion tests were prepared by mechanically stirring the ZA27 alloy (Zn-27.8Al-2.5Cu) upon cooling from above its liquidus temperature (500°C) to a temperature within its mushy zone. Rotational speed of stirrer, cooling rate, and quenching temperature of the alloy were 600rpm, 1°C/min, and 465°C, respectively.
Back extrusion tests were performed using two distinct apparatus; the Hydraulic Jack System (HJS) capable of moving downward with a maximum speed of 180mm/s, and the Drop Extruder Apparatus (DEA) in which the required energy to deform samples was supplied by free falling energy of a 45kg mass. The latter allowed obtaining of shear rates of the order of 10,000s -1 while those made possible by virtue of the former was at most 1400s -1 . Three ram speeds examined with HJS were 60, 100, and 175mm/s while the one applied by DEA was 1140mm/s, close to the theoretically determined speed of gh 2 . Back extrusion experiments with HJS were performed with three ram diameters of 18, 20.4, and 22mm corresponding to extrusion ratios of 2.08, 2.99, and 4.43, respectively, since the cavity had invariably a diameter of 25mm identical to that of mechanically stirred billets. The only test with DEA was carried out with a 20.4mm-diameter ram.
In order to keep rams concentric with the cavity during the tests, the upper parts of rams were machined to a diameter practically equal to that of the cavity. Prior to each test, samples were resistively heated to 452°C, corresponding to a solid volumetric fraction of approximately 0.45, and soaked for 55 minutes. Since the samples were not directly accessible, temperature was measured by means of a thermocouple inserted into a lead-filled pocket in touch with the outer surface of the die and as close as possible to the samples. Temperature homogeneity was once examined by directly measuring a sample temperature (without the ram above it) and comparing it to that read from the pocket.
Initial height of slugs was adjusted so as to result in samples with equal final heights of about 5cm for a bottom thickness of 3mm. Samples were immediately water quenched after tests in order to enhance the contrast between phases.
After sectioning the cup-shaped samples, they were examined in terms of average solid fraction (f s ) and average diameter of globules (D s ) at the bottom as well as at three other heights in the wall, with the aid of standard metallography and image analysis equipments. Fig. 1 depicts the examined positions on a typical sample. 
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Results and discussion
Fig .2 shows the stir-cast microstructure of ZA27 alloy in which the primary phase has appeared in two distinct size and morphologies; coarse rosettes and fine dendritic features. Large rosettes are believed to form when turbulence persists in the liquid phase and facilitates solute transport from between secondary dendrite arms to the bulk liquid. Under conditions of vigorous stirring such as conditions applied during mechanical stirring step of the present work, morphological instabilities in the growing solid phase significantly diminish, resulting in the absence of common dendritic features which would otherwise appear [9, 10] . Apparently, dendrites between large rosettes have solidified in the remaining liquid after slurry's withdrawal into the water-cooled mold. Since this liquid has solidified before complete settlement of liquid, dendrites are not too developed. Listed in Table 1 , is the data of average volumetric percentage of solid at points A, B, C, and D as shown in Fig.1 , where for each sample, the last column presents the segregation index which is a measure of severity of segregation, determined from the slope of the best linear fit to the data of solid fraction vs. height. Such fits for three tests carried out at different speeds, using a 20.4mm-diameter ram, are depicted in Fig.3 . Evidently, the line relevant to the test performed at the highest ram speed (175mm/s) exhibits less steepness than two other lines and segregation index approaches zero as the ram speed increases. According to Table 1 , two other ram diameters (18 and 22mm) lead to similar trends with the increase in the ram insertion speed. The results obtained herein can be justified in view of the Darcy's law which predicts a percolation velocity for a liquid in contact with a fixed porous medium. This velocity becomes considerable under conditions of large pressure gradient in the liquid phase, low liquid viscosity and large solid permeability. In the case of semi-solid slurries at high solid contents, network of primary globules acts as a porous medium. However, during thixoforming at intermediate solid fractions such as the one applied in this work, solid network exposed to liquid flow is likely to disagglomerate due to its reduced strength. Therefore, the term "percolation" in its real sense may not be accurate since accompanying flow of both phases is likely to occur. Nevertheless, the concept of percolation velocity is still applicable and prediction of final distribution of phases can be made based on calculation of percolation velocity through the Darcy's law; the higher the percolation velocity, the better the chance of solid phase to become disagglomerated and carried by liquid phase. Increasing ram speed at a given ram diameter leads to induction of a higher pressure gradient within the liquid phase which according to Darcy's law, increases percolation velocity. Therefore, compositional homogeneity of extruded products increases with increasing the ram speed which is in accordance with the observations of this work as well as those previously reported for Al-Si hypoeutectic alloys [5, 7] . Accordingly, the sample extruded at the ram speed of 1140mm/s provided by virtue of DEA, exhibited the lowest segregation index. This is at the same time that this sample had undergone more strain than the samples extruded in HJS. In other words, since there was no constraint on downward displacement of the ram attached to the free falling mass, the product of DEA was a hollow cylinder instead of a being cup-shaped.
Liquid pressure gradient is also affected by extrusion ratio; increasing extrusion ratio through either increasing ram diameter or reducing cavity diameter intensifies pressure gradient within the liquid phase. Therefore, phase segregation is expected to gradually disappear as extrusion ratio increases. This is the trend observed in the case of back extrusion tests performed at 60mm/s. However as shown in Fig.4 , for the series of tests at the ram speed of 175mm/s, an opposite trend is obtained since the sample extruded with the largest ram exhibits a higher segregation index than the two other samples. Similar anomalies have been previously reported for a Pb-15.6wt%Sn alloy which had undergone gravitational segregation of the denser liquid phase from light primary globules, during soaking time prior to back extrusion experiments. This phenomenon has been attributed to the increasing difficulties encountered by globules in entering the clearance, as extrusion ratio increased [6] . Characterization of globules size along the height of HJS products indicates that the average size of globules decreases from the bottom towards the edge of cupshaped products. However, there is no significant difference in the size distribution of globules in the case of samples extruded at an identical ram speed. Therefore, the effect of large ratio of globules average diameter to the cavity diameter in the case of large rams has not been important enough to control the phase segregation. Furthermore, if obstruction of clearance due to increasing ram diameter was to impart segregation severity, it would act so for all three series of tests not only 228
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for that at 175mm/s. Therefore, there should be another explanation behind the difference in trends of different series of tests. The anomaly observed regarding effect of ram diameter on segregation index of samples extruded at the ram speed of 175mm/s can be ascribed to effectiveness of liquid phase in influencing the solid network. Since ZA27 alloy is composed of light Al-rich primary phase and dense Zn-rich liquid phase, it is prone to gravitational segregation upon being held in its semi-solid range (Fig.5) . Under these circumstances, if the liquid phase accumulated at the bottom of cavity flows as a torrent into the clearance, it can disagglomerate and carry the solid phase while it only exudes from the solid network if it flows slowly. In view of our results, liquid phase in the case of tests at 175mm/s has been powerful and therefore, the duration of its contact with the solid phase, before reaching the clearance, has become the factor controlling segregation severity. As this contact time would be longer for the thick-walled samples (small rams) which demand taller initial slugs, the sample extruded with the 18mm-diameter ram displays the lowest segregation index. Conversely, for the tests at the ram speed of 60mm/s, ineffective liquid phase has merely exuded from the solid phase and the effect of pressure gradient within the liquid phase has become the dominant factor controlling segregation index.
Results of tests at the intermediate ram speed of 100mm/s show features in common with two other trends and imply liquid effectiveness in the case of 22mm-diameter ram and its ineffectiveness when using the 18mm-diameter ram.
Although the sample extruded via DEA was overly homogeneous in terms of solid fraction as well as globules size distribution along its height, entrapped gaseous voids were obviously present throughout this sample signifying the turbulent flow of the slurry when entering the clearance.
Conclusions
4. At sufficiently high ram speeds, liquid is effective from the early moments of deformation.
Under these conditions, the contact time of the liquid, a large proportion of which is in the form of a pool at the bottom, with the solid network controls the segregation severity. Therefore, unlike low speed experiments, long initial slugs prerequisite for small rams lead to more homogeneous products. 5. Back extrusion at very high ram speeds (more than 1m/s) produces very homogeneous products in terms of solid fraction and globule size distribution throughout the sample. At the same time it increases the amount of entrapped gases.
